Neisseria meningitidis strain M986, which possesses a polyanionic sialic acid capsular polysaccharide, was resistant to the bactericidal effects of normal rabbit serum, but sensitive when immune serum and complement were present. An isogenic strain PRM102, deficient in the ability to produce capsular polysaccharide, was sensitive to normal serum. Strain M986, when grown under conditions of low pH or nutrient limitation, synthesized increased levels of capsular polysaccharide. This was accompanied by an increase in cell surface hydrophilicity and virulence for mice. Cells grown in low-pH, iron-limited medium synthesized the highest concentration of polysaccharide and exhibited the highest cell surface hydrophilicity and virulence among the cases examined. The increase in capsular polysaccharide was partly explained by a decrease in the specific activity of a membrane-bound cytidine monophosphate-N acetylneuraminic acid hydrolase. The results suggest that conditions of nutrient limitation and low pH exert profound effects on the physicochemical nature of the meningococcal cell surface which, in turn, cumulate in enhanced virulence of this organism for mice.
Neisseria meningitidis strain M986, which possesses a polyanionic sialic acid capsular polysaccharide, was resistant to the bactericidal effects of normal rabbit serum, but sensitive when immune serum and complement were present. An isogenic strain PRM102, deficient in the ability to produce capsular polysaccharide, was sensitive to normal serum. Strain M986, when grown under conditions of low pH or nutrient limitation, synthesized increased levels of capsular polysaccharide. This was accompanied by an increase in cell surface hydrophilicity and virulence for mice. Cells grown in low-pH, iron-limited medium synthesized the highest concentration of polysaccharide and exhibited the highest cell surface hydrophilicity and virulence among the cases examined. The increase in capsular polysaccharide was partly explained by a decrease in the specific activity of a membrane-bound cytidine monophosphate-N acetylneuraminic acid hydrolase. The results suggest that conditions of nutrient limitation and low pH exert profound effects on the physicochemical nature of the meningococcal cell surface which, in turn, cumulate in enhanced virulence of this organism for mice.
It remains an enigma why meningococci can be carried asymtomatically in the nasopharynx by 5 to 30% of the normal population but, on the other hand, are able to cause either sporatic or large-scale epidemics of invasive disease (8) . Immunity to meningococcal disease is dependent on the presence of circulating bactericidal antibodies directed toward the capsular and noncapsular surface antigens (10, 12, 13) and the presence of the complete terminal attack sequence of complement (27, 31) .
In recent years, there has been a growing body of evidence implicating bacterial capsular polysaccharides as important virulence factors and defining their role in the enhancement of pathogenesis (3, 11, 14, 42) . It has been shown that the sialic acid capsular polysaccharide (CP) of Neisseria meningitidis and KI Escherichia coli, which produce identical CP (17) , is an important virulence factor of these organisms; however, the mechanism of how the CP exerts its effect is uncertain (11, 24) . Isogenic mutants incapable of producing CP lost their wild-type iridescent (transparent) colony phenotype when grown on MuellerHinton agar and adopted a dull, opaque phenotype (7, 24) . Loss of the iridescent phenotype also resulted in a complete loss of virulence for mice. Indeed, with some organisms, the degree of virulence is related to the level of CP produced (5, 18, 28) . Craven et al. (5) noted that encapsulated meningococci from disease isolates possess a higher level of CP than do encapsulated meningococci from carrier isolates.
Few studies have addressed the important question of how the production of this important virulence factor might be regulated in vivo. The natural habitat of meningococci, the human nasopharynx, is where this organism encounters a variety of environmental and nutritional conditions, many of which would exert a pronounced effect on determining the expression of various virulence factors important to the invasiveness of this organism (4, 21, 22, 26, 44) . In menin-gococci, in vitro growth under low-pH, iron-limiting conditions greatly enhanced the virulence of this organism for mice (4) . These conditions are thought to mimic some of the in vivo conditions of heavy nasopharyngeal carriage of meningococci or the infected abdominal cavity of mice (4, 8) . However, the enhanced virulence of this organism was attributed only in part to enhanced iron uptake ability (4, 39) . Since bacteria appear quite adept at altering their surface components in relation to their surroundings (4, 21, 22, 40) , the examination of meningococci under conditions of nutrient limitation and conditions of low pH is relevant to a better understanding of their pathogenicity. In this report, we describe the effects of nutrient limitation and low pH conditions on the production of the serogroup B CP as well as their effect on surface hydrophobicity and virulence for mice. Furthermore, we have examined the effect CP has on resistance to the serum bactericidal reaction.
MATERIALS AND METHODS
Bacterial strains. E. coli K-12 (ATCC 10798) and N. meningitidis M986, a serogroup B, serotype 2,7 disease isolate, and its noncapsular variant PRM102 (24) were used in this study. Neisseriaflava M953 was obtained from the Neisseria Repository, School of Public Health, University of California, Berkeley.
Media and culture conditions. Bacterial cells were grown for 12 to 14 h in NDM-C, a chemically defined medium containing 200 ng of Fe per ml, as described previously (1, 24) , with the exception that the casein hydrolysate concentration was reduced to 0.05%. This medium is referred to as normal NDM-C. Medium limited for iron was made from normal medium without added iron and to which the iron chelator, ethylenediamine di-ortho-hydroxyphenylacetate (Sigma Chemical Co., St. Louis, Mo.), was added to a final concentration of 400 ng/ml of medium. Medium with low pH was made in the same manner as normal NDM-C, but with 50 mM Tris-maleate and adjusted to pH 6.6 with NaOH.prepared from normal NDM-C lacking glutamic acid and NH4CI and possessing only 0.5 jig of casein hydrolysate per ml. Limited growth in this medium was shown to be due to nitrogen starvation and not amino acid deprivation, since the cells grew well in medium lacking glutamic acid and 0.05% casein, but possessing normal levels of NH4Cl. The different media were inoculated (0.75%, vol/vol) from a 12-to 14-h culture in normal NDM-C and were allowed to grow for 5 to 6 h.
Enzyme assays. The determination of sialyltransferase and cytidine monophosphate-N acetylneuraminic acid (CMP-NANA) hydrolase activities in particulate membranes was as described elsewhere (23) . Purified membrane protein levels was determined (20) PBS, or heat-inactivated (56°C, 30 min) normal rabbit serum (H-NRS). To examine bacterial killing by the classic complement pathway, 25 ,ul of cells was added to 25 ,ul of PBS containing 5 mM MgCl2, 1 mM CaCl2, and horse serogroup B antiserum (obtained from C. E. Frasch) (1:128 dilution) and 25 ,ul of either NRS, PBS, or H-NRS. All assays, performed in triplicate, were incubated at 37°C in an atmosphere of 5% CO2 for 30 min, after which each reaction mixture was plated separately on Mueller-Hinton agar. The number of survivors was enumerated, and the percent killing was determined with respect to control samples in PBS alone.
Virulence studies. Fifty percent lethal dose determinations were performed with C-57 black mice as described previously (14) . Determinations were made at least three separate times for each culture type, after 5 h of growth, with five mice per group. Cumulative mortality data at 72 h postinjection were used to measure the 50% lethal dose as determined by the method of Reed and Muench (34) .
Quantitation of sialyl polymer content. Samples (1 ml) of broth cultures were removed after 5 to 6 h of growth and centrifuged at 10,000 x g and the supernatant fluids were removed. Both the cell pellet and the supernatant fractions were stored at -20°C. Samples of the broth cultures were removed, and direct counts of the bacteria were performed in duplicate in a bacterial counting chamber (PetroffHausser, Blue Bell, Pa.). The cell pellet and supernatant fraction were prepared for rocket immunoelectrophoresis by precipitation of the thawed fractions with cold absolute ethanol. After the samples sat for 15 min at 4°C, they were centrifuged at 10,000 x g for 10 min, the ethanol wash was removed, and the pellets were suspended in 0.1 M barbital buffer (pH 8.6). Samples prepared in this fashion gave highly reproducible results and were far superior to samples prepared from cells disrupted by repeated freeze-thawing.
Monospecific antiserum directed to the serogroup B CP was prepared in the following manner. A broth culture of strain PRM102 was grown in normal NDM-C medium. After 6 h of growth, the bacteria were harvested and washed twice in PBS, and the pellet was suspended in PBS containing 1.0 mM mercuric chloride, incubated for 1 h, and then washed twice in 0.15 M morpholinepropanesulfonic acid containing 20 mM MgCl2. This treatment prevented autolysis of this organism, as visualized by phase microscopy, for at least 1 week (30). Any surface polysaccharide that might be present was removed by the addition of 2.0 U of neuraminidase (type V; Sigma). After neuraminidase treatment at 37°C for 2 days, the cells were washed twice in PBS to remove the neuraminidase, and the harvested cells were used to absorb serogroup B horse antiserum by the method of Devine and Hagerman (6) . The antiserum was then filter sterilized and kept frozen at -20°C until required.
The sialic acid CP was quantitated by rocket immunoelectrophoresis by the technique of Weeke (46) . The antiserum was added to 1.0% agarose (SeaKem LE agarose) at a final concentration of 11%. Purified serogroup B polysaccharide (provided by H. J. Jennings) was used as a standard.
Determination of cell surface hydrophobicity. The adherence of cells to hexadecane was measured by the method of Rosenberg et al. (37) .
Chemicals. All chemicals were analytical or reagent grade. CMP-[4,5,6,7,9-'4C]NANA (specific activity, 319 mCi/mmol) was purchased from New England Nuclear Corp. (Boston, Mass.). RESULTS Serum sensitivity. A variety of components associated with the outer membrane of gram-negative bacteria is known to be involved in resistance to serum complement (42) . It has been reported, for N. meningitidis, that cells from transparent colonies are more resistant to killing by normal serum than are those from opaque colonies (40). Since we had determined previously that these colony phenotypes were due primarily to the presence or absence of the sialic acid CP (24) , it was of interest to examine the effects of normal serum on N. meningitidis strain M986 and its isogenic noncapsular variant PRM102.
N. meningitidis strain M986, possessing CP, demonstrated complete resistance to serum killing (98% survival) (Tableride did not abrogate the serum bactericidal effect observed with N. meningitidis strain PRM102. Fearon (9) has shown that the competition between factor B and 1H for binding to surface-associated C3b is influenced by bound sialic acid, which increases the affinity of cell-bound C3b for 1lH, but not for factor B. This would result in the inhibition of the amplification loop of the alternate complement pathway, since the outcome of the competition between factor B and P1H for C3b binding determines whether the cell will activate the alternate complement pathway.
Effect of nutrient limitation and low pH on growth and CP synthesis. To determine the effects that nutrient limitations and conditions of low pH exerted on CP levels, we initially characterized their effects on the growth rate of meningococci. Cells grown under all nutrient-limited or low-pH conditions exhibited a prolonged lag phase (Fig. 1) . These cells were able to adapt to the new conditions and began to grow rapidly for approximately 2 to 3 h, after which growth was limited and eventually ceased in the case of nutrientlimited cultures. Low pH-grown cells not subjected to nutrient limitations continued to grow at below-normal rates. Samples of the various cultures were removed at 5 to 6 h, when net growth had ceased. The cells were assayed for both their cell-associated and cell-free sialyl polymer contents by rocket immunoelectrophoresis (Table 2) . Since this was a more sensitive technique for determining the presence of high-molecular-weight sialyl polymer than that previously employed (24) , strain PRM102, grown in normal NDM-C, was included as a control to determine whether we could detect either unabsorbed noncapsular antibodies or the presence of cell surface polysaccharide. No precipitation was observed in the agarose gel, confirming our previous findings (24) that N. meningitidis strain PRM102 did not possess detectable surface polysaccharide. In all other cases examined, cell-associated CP was present at a higher concentration than cells grown in normal NDM-C medium. The cells grown under low-pH, iron-limiting conditions produced the highest concentration (fourfold higher than normal). This (34) . c P is the probability level of significance (one-tailed t-test).
may be more stable and less prone to peptidoglycan hydrolysis (47) . Virulence studies. To examine whether enhanced polysaccharide production correlated with enhanced virulence of N. meningitidis strain M986 in mice, cultures were grown under conditions of nitrogen limitation, low pH, and low-pH plus iron limitation. Cells enhanced in their ability to produce CP were more virulent for mice (Table 3 ). Therefore our findings were consistent with those of Brener et al. (4) , in that cells grown in low-pH, iron-limited medium were the most virulent for mice; the decrease in the 50% lethal dose was almost 2 orders of magnitude.
Simonson et al. (39) demonstrated that cells grown under iron-limited conditions expressed a specific uptake mechanism for transferrin iron which was enhanced during growth at low pH. It was suggested that the enhanced virulence was due to a more efficient iron uptake mechanism. To circumvent this possibility, we examined the virulence of cells grown under nitrogen starvation conditions. Interestingly, the enhanced virulence exhibited by these cells was similar to that of low-pH, iron-starved cells. It is important to note that both types of limitations resulted in much higher levels of CP, suggesting a firm relationship of polysaccharide production and virulence. However, iron uptake kinetics were not performed on the nitrogen-starved cells, and the possibility of enhanced iron uptake could not be totally ruled out.
Effect of nutrient limitation and low pH on cell-surface hydrophobicity. Due to the anionic nature of sialic acid and the observed enhanced CP production under conditions of nutrient limitation, we determined the effect that increased CP levels had on cell surface hydrophobicity. Figure 2 shows a strong correlation between an increase in CP levels and increasing cell surface hydrophilicity as demonstrated by reduced binding to hexadecane. Cells grown under lowpH, iron-limiting conditions had a greatly reduced hydrophobicity. One intriguing finding was that the noncapsular mutant N. meningitidis strain PRM102 appeared to be as hydrophilic as strain M986 grown in normal NDM-C. In most cases, the importance of CPs is usually attributed to both cell surface hydrophilicity and resistance to the bactericidal effects of serum (15, 27, 42) . Thus, it would appear that the loss of virulence of strain PRM102 for mice cannot be explained simply by an increase in hydrophobicity, especially when compared with the degree of hydrophobicity exhibited by the nonpathogenic N. flava. The results do lend support to the importance of the CP in resisting complement. In accordance with this observation, other investigators have suggested that the importance of the capsular polysaccharide lies in its ability to inhibit opsonophagocytosis in the absence of immune antibodies by preventing the effective activation of the alternate complement pathway (3, 14, 41, 45) .
Effect of nutrient limitation and low pH on sialyltransferase and CMP-NANA hydrolase activities. To study the mechanisms resulting in the increased levels of CP observed with cells grown under nutrient limitation and low pH conditions, we examined two principle enzymes, sialyltransferase and CMP-NANA hydrolase, both involved in the synthesis and regulation of the serogroup B polysaccharide. Radiolabeled sialic acid polymer was synthesized during incubation of strain M986 particulate membranes and CMP-[14C]NANA.
To ascertain that the label remaining at the chromatogram origin was present in polymeric form, neuraminidase was added to a heat-treated incubation mixture after the reaction was allowed to proceed for 1 h. There was a continual loss of label with time (Fig. 3) , indicating that the neuraminidase was breaking down radiolabeled sialyl polymer. The data in Table 4 suggest that sialyltransferase activity appears not to be inducible by the conditions employed, although cells grown under low-pH, iron-limiting conditions demonstrated an actual reduction in sialyltransferase activity to a level comparable with the noncapsular mutant PRM102. This apparently anomalous result could be partially explained by a decrease in CMP-NANA hydrolase activity. In fact, all cells producing increasingly higher levels of CP than cells grown in normal NDM-C experienced a proportional decrease in CMP-NANA hydrolase activity. Although cells grown in low-pH, iron-limited NDM-C medium possessed a level of sialyltransferase similar to that of strain PRM102, the CMP-NANA hydrolase activity was much reduced. This reduction would help to explain, in part, why there was a significant increase in CP content in cells grown under conditions of nutrient limitation and low pH. The possibilities that other enzyme activities involved in CP synthesis (NANA condensing enzyme, CMP-NANA synthetase) (23) had been altered could not be ruled out.
DISCUSSION
In this study we have shown that possession of the sialic acid capsular polysaccharide of N. meningitidis confers resistance to the bactericidal effects of normal serum, thus emphasizing the importance of the CP as a virulence factor for this organism. Cells producing CP were completely sensitive to complement only in the presence of immune antibodies even after growth in nutrient-limiting and low-pH conditions (data not shown). Cells grown under nutrient-limiting and low-pH conditions displayed increased cell surface hydrophilicity, CP levels, and virulence for mice as well as decreased growth rate and CMP-NANA hydrolase activity. Since some of the conditions employed in this study mimic some of the inflammatory conditions found in the pharynx during heavy carriage of this organism (2, 44) , it appeared that the changes found with N. meningitidis strain M986 in response to adverse environmental conditions (i.e., increased CP production and hydrophilicity) were directed toward making it more virulent.
In contrast to our results, Morse et al. (26) had found that Neisseria gonorrhoeae grown under glucose-limiting conditions displayed an increase in cell surface hydrophobicity and sensitivity to normal human serum. These changes appeared to be the result of a decrease in lipopolysaccharide serotype antigen. Magnusson et al. (21, 22) concluded that N. gonorrhoeae grown under low-pH, iron-limiting conditions appeared to abolish the negative surface charge. However, when gonococci were grown in low-pH, iron-sufficient medium, the cells possessed a higher negative surface charge and displayed an increased hydrophilicity, which, as shown in this report, occurs with meningococci. Although both iron and medium pH appear to exert a profound effect on the physicochemical nature of both the meningococcal and gonococcal cell surface, the effects may differ between these organisms. In meningococci, the increase in hydrophilicity seen during starvation conditions was presumably due to the increase in the level of CP. This hypothesis is supported, in part, by the observation by Magnusson et al. (22) Our data revealed a correlation between an increase in hydrophilicity and an increase in virulence. Since phagocytosis may occur by opsonin-independent mechanisms and is mediated by specific bacterial surface components prima- VOL. 47, 1985 on January 5, 2018 by guest http://iai.asm.org/ Downloaded from rily through their effect on surface hydrophobicity and charge (29, 32, 43) , the increase in polyanionic surface polysaccharide could enhance resistance to phagocytosis by an increase in cell surface hydrophilicity.
During pathogenesis, the enhancement of CP levels by low-pH and nutrient-limiting conditions may be temporal in nature. For example, colonization of the pharyngeal mucosa by N. meningitidis precedes bacteremia and meningitis (12) . However, it has been shown that encapsulation by this organism reduces adherence to human epithelial cells (38) ; thus carrier isolates tend to adhere more avidly than invasive isolates. Similar results have been found with Hemophilus influenzae type b, whereby two strains isolated from the nasopharynx adhered better to buccal epithelial cells than did the same two strains isolated from the cerebrospinal fluid of the same patients (16) . It would appear that loss of piliation may be necessary before invasive disease may occur; however, whether low-pH or nutrient-limiting conditions can suppress piliation is only speculative at this time.
One must exercise caution when interpreting this sort of data, since under these conditions other hidden parameters may also exert an effect. The finding that increased CP levels from nutrient limitation and low-pH conditions results in increased virulence is most interesting. However, further work is needed to identify other changes in surface components (e.g., lipopolysaccharide, piliation, outer membrane proteins) and the consequences of these changes in relation to the overall pathogenesis of meningococcal disease.
